ABSITRACr The electrophoretic mobilities of mononuclear white cells from the peripheral blood of normal sub ects and leukemic patients were measured. Analysis of both fresh and cryopreserved samples of each type showed that cryopreservation had no distinguishable effect on the electrophoretic distribution of either normal or leukemic cells. Mode mobilities (mobilities at which maximum intensities are observed) of cells from nine leukemic patients were 7-28% below the average mode mobility of normal cells. The standard deviation of the electrophoretic mobilities of normal cells was 2%. Normal cells had an asymmetric, often bimodal, electrophoretic distribution; leukemic cells consistently had a single symmetric distribution. One of the important physical parameters which may distinguish functionally different cells is the surface charge density. The measured quantity which is most directly related to the surface charge density is the electrophoretic mobility. The vast literature on the electrophoresis of mammalian cells has been reviewed by Mehrishi (1). The use of electrophoresis to detect and quantify altered electrokinetic properties of diseased cells has been attempted for a number of pathological conditions. Although the conclusions of these studies have often been in conflict, there is a general agreement that, in some cases, malignant cells are electrokinetically distinct from their normal counterparts (1).
ABSITRACr The electrophoretic mobilities of mononuclear white cells from the peripheral blood of normal sub ects and leukemic patients were measured. Analysis of both fresh and cryopreserved samples of each type showed that cryopreservation had no distinguishable effect on the electrophoretic distribution of either normal or leukemic cells. Mode mobilities (mobilities at which maximum intensities are observed) of cells from nine leukemic patients were 7-28% below the average mode mobility of normal cells. The standard deviation of the electrophoretic mobilities of normal cells was 2%. Normal cells had an asymmetric, often bimodal, electrophoretic distribution; leukemic cells consistently had a single symmetric distribution. One of the important physical parameters which may distinguish functionally different cells is the surface charge density. The measured quantity which is most directly related to the surface charge density is the electrophoretic mobility. The vast literature on the electrophoresis of mammalian cells has been reviewed by Mehrishi (1) . The use of electrophoresis to detect and quantify altered electrokinetic properties of diseased cells has been attempted for a number of pathological conditions. Although the conclusions of these studies have often been in conflict, there is a general agreement that, in some cases, malignant cells are electrokinetically distinct from their normal counterparts (1) . Cook and Jacobson reported that the electrophoretic mobility (and hence the surface charge density) of saline-washed lymphoblasts isolated from the lymph nodes of a mouse strain of acute lymphocytic leukemia is about 20% lower than the mobility of lymphocytes prepared in the same way from normal mice (2) . Ruhenstroth-Bauer and coworkers reported an increase in the electrophoretic mobilities of lymphoblasts ftom human lymphocytic and myeloid leukemias (3), but several subsequent studies by other groups showed no detectable change in the electrophoretic mobilities of lymphoblasts from human leukemias (4). Recently, Sabolovic et We have performed experiments on normal lymphocytes and leukemic lymphoblasts using the relatively new technique of electrophoretic light scattering, in which the velocity of the migrating cells is determined spectroscopically by the measurement of the Doppler shift of laser light which is scattered from the cells. Ware and Flygare (7) reported electrophoretic light-scattering experiments in which solutions of proteins were studied and proposed the theory for this technique in 1971. The technique is applicable to particles of all sizes, and experiments on solutions of blood cells have been reported (8) . Two reviews of electrophoretic light scattering have been published (9, 10) . Using this technique, we can obtain the electrophoretic distribution of a population of cells in solution in from 1 to 5 min. Only a few drops of a dilute solution are required, and the velocities of all of the cells being analyzed are measured simultaneously by the instrument. These velocities can then be divided by the known electric field strength to obtain the respective electrophoretic mobilities of the cells.
Using this new technique for electrophoretic analysis, we have found that the electrophoretic mobilities of human peripheral blood lymphoblasts from patients with acute lymphocytic leukemia are 7-28% lower than the average electrophoretic mobilities of lymphocytes from normal human peripheral blood. We report further that the electrophoretic mobilities of both leukemic lymphoblasts and normal lymphocytes are not detectably altered by cryopreservation.
EXPERIMENTAL METHODS Cell Preparation. Mononuclear cells were purified from heparinized peripheral blood by isopycnic centrifugation over Ficoll Hypaque (specific gravity, 1.078) by the method of Boyum (11 4.5 g/100 ml of sorbitol, 0,0145 M NaCl, 0.0100 M Bis-Tris, and HC1 was added to adjust the pH to 7.1. The measured electrical conductivity of this solution was 1.68 i 0.02 mmho/cm, and the measured viscosity was 1.14 4 0.01 centipoise (1.14 + 0.01 mPa-sec) both at 20.0°. All values of electrophoretic mobility reported in this paper are for experiments done in this buffer solution at 20.0°and were corrected for viscosity to that of pure water at 20.0°.
Electrophoretic Light Scattering. Electrophoretic lightscattering experiments were carried out according to the general procedure described by Ware (9) . A Spectra-Physics model 125A helium-neon laser provided light of wavelength 632.8 nm, and a SAICOR model SAI-51B 200-channel time-compression real-time spectrum analyzer performed the spectrum analysis and signal averaging of the photocurrent spectrum. The detection of the scattered light was necessarily performed in the heterodyne mode, in which a component of the unshifted incident laser light is mixed with the light scattered from the sample at the photocathode to produce a beat signal at the Doppler frequency. Alignment of the detection optics was greatly facilitated by a reflex mirror system immediately in front of the photomultiplier tube. The mirror projected the real image of the laser beam in the sample and of the external heterodyne source onto a ground-glass screen; the heterodyne source was a fine wire or rod in the optical path being illuminated by unshifted laser light. This alignment was typically done once per day. For all experiments in this report the scattering angle was 15°. Previous measurements of the electrophoretic Doppler spectra as a function of angle verified that diffusion makes no significant contribution to the spectral width; this is in agreement with the theoretical prediction for particles of this size (about 10,Mm) (9) .
The electrophoretic light-scattering chamber employed in these experiments was adapted for work on blood cells from the basic design of Haas and Ware (Anal. Biochem., in press). The sample chamber consisted of a pair of hemicylindrical silver/ silver chloride electrodes separated by dielectric inserts that formed a gap in the middle. The chamber volume was 0.4 ml.
A constant temperature of 20°w as maintained by circulating liquid through metal blocks with which the electrodes were in contact. Solutions for analysis were injected and withdrawn from the chamber with hypodermic needles. A low-power microscope was mounted on the apparatus for visual observation of the sample during the course of the experiments. The microscope made it possible to verify the sign of the electrophoretic mobility, which cannot be obtained from the electrophoretic light-scattering spectra. The finding that all mobilities measured were negative is in agreement with the common observation that blood cells at physiological pH bear a net negative charge (1) .
Electrophoretic light-scattering experiments were performed by injecting a sample into the chamber, which had already been positioned in alignment with the optics at a known scattering angle. Electric field pulses of alternating polarity were applied to the chamber by a constant-current power supply. Typical electric field magnitudes were 20-40 V/cm. The duration of the pulses (typically, 2 sec) corresponded to the reciprocal of the required spectral resolution. The duration of the interval between pulses was adjusted to about 10 times the duration of the pulse so that the heat generated by the passing of the current could dissipate. The spectrum analyzer was triggered to take data only while the electric field was on. The sum of data from several pulses was averaged, and the averaged spectrum was recorded digitally on paper tape. The paper tapes were processed and plotted by computer with the horizontal axis of the spectrum converted to electrophoretic mobility. Usually, several averaged spectra, including at least two different electric field strengths, were obtained for each sample to verify reproducibility, and then a final electrophoretic distribution was produced by adding all of these by computer. Each of these distributions represents a population of several hundred to a thousand cells. The typical experimental time for complete analysis of one sample was about 20 min. Individual averaged spectra required 1-5 min to collect.
The electrophoretic mobilities indicated are the mobilities at which the maximum intensities were observed, i.e., the mode of the electrophoretic distribution. The vertical axis of the electrophoretic distribution is light-scattering intensity, which is proportional to the number of cells. The proportionality between cell number and light scattering intensity is presumed to be approximately the same for all human mononuclear cells, and experiments with mixtures of different populations have supported this assumption.
Although the electrophoretic light-scattering experiment does not require calibration, a number of experiments were performed to verify that the apparatus and the chamber employed produce accurate results. A sample of fixed erythrocytes prepared according to the method of Heard and Seaman (13) was used as an electrophoretic standard. The electrophoretic mobility value obtained for this sample was consistently within 2% of the value quoted by Heard and Seaman, and that value was verified in a different apparatus and with different sample chambers by other members of this research group. The only anomalies observed appeared when the chamber had been freshly washed with detergent, and these were attributed to electroosmosis. The chamber was therefore routinely washed in the absence of detergent, and after each washing an experiment on the standard erythrocyte sample, including a determination of the flow profile, was performed. RESULTS The first experiments were performed to determine the effects of cryopreservation on the electrophoretic mobilities of lymphocytes from normal human subjects. Typical electrophoretic Fig. 1 . Clearly, the cryopreservation had no significant effect on the electrophoretic distribution of the cells. This comparison was made in 10 separate experiments, including experiments in which the suspending medium was varied. In all experiments, the differences in the electrophoretic distributions were within the experimental reproducibility. In the medium specified in the experimental section, the electrophoretic mobility of normal lymphocytes was found to be u20,w = 2.53 + 0.05 X 10-4 cm2/V sec. The mobilities indicated are taken as the mode value of the distributions, and the uncertainty specified is the standard deviation among different individuals.
The electrophoretic distributions of cryopreserved lymphoblasts from nine patients with acute lymphocytic leukemia were determined. In each case, a normal sample was analyzed~L eukemic -4-Normal zz0 1U. consecutively with a leukemic sample to assure that differences observed could not be attributed to change in the apparatus or procedure. The peak mobilities obtained from the leukemic samples were consistently lower than the average values for normal lymphocytes and ranged from 1.83 to 2.36 X 10-4 cm2/V sec. The average of the peak values and the standard deviation were 2.13 + 0.18 X 10-4 cm-2/V-sec. A comparison of electrophoretic distributions of lymphocytes from a leukemic patient and a normal individual is shown in Fig. 2 . These distributions were measured separately and then plotted on the same axis. The leukemic distribution peaks at a substantially lower mobility. In all cases studied, the leukemic lymphocyte distribution was more nearly symmetric than the normal lymphocyte distribution. The lower mobility shoulder which consistently appeared in the normal lymphocyte populations was never observed in a leukemic sample.
As a further demonstration of the marked distinction between these two types of cells, equal volumes of the normal and leukemic cell suspensions analyzed in Fig. 2 were mixed at a total cell concentration of 106 cells per ml. The resulting solution was analyzed, and the electrophoretic distribution is shown in Fig.  3 . The two different mobility peaks maintain their respective positions and are clearly resolved. Thus, it is possible to detect the presence of leukemic cells in the presence of normal cells by means of electrophoretic light scattering.
To eliminate the possibility that the observed difference in electrophoretic mobility between normal and leukemic cells was induced by cryopreservation, we analyzed two of the leukemic samples both when fresh and when cryopreserved. As with the normal lymphocytes, there was no significant difference in electrophoretic mobility between fresh and cryopreserved leukemic cells. Therefore, in both fresh and cryopreserved preparations, leukemic cells had lower mobilities than normal cells.
DISCUSSION
Optimum cryopreservation techniques do not alter the immunologic function of human lymphocytes; suboptimum conditions, however, result in membrane damage which effects viability and function (12, 14) . Cryopreservation is an important technique both for preservation of cells for treatment of disease and for facilitation of storage and transport of cells for experiments. Verification of membrane integrity by electrophoretic mobility is a new and important parameter by which to mea-OQ90 16" Biophysics: Smith et al.
Proc. Nati. Acad. Sci. USA 73 (1976) 2391 sure the adequacy of cryopreservation procedures. We have now confirmed that human cells cryopreserved under optimum conditions maintain their membrane charge density as well.
Lymphocytes from normal human peripheral blood have a very reproducible mode electrophoretic mobility. The distribution about the mode mobility is asymmetric, with a relatively small population at a lower electrophoretic mobility invariably present. In some of our spectra, this lower mobility fraction is present only as a shoulder on the low-mobility side of the main peak, and in other spectra a separate low-mobility peak is clearly resolved. The mononuclear suspensions we studied were found by independent analysis to consist primarily of T ("thymus-derived") lymphocytes with subpopulations of B ("bone marrow-derived") lymphocytes and monocytes. Wiig and Thunold (15) have reported that the electrophoretic distribution of human peripheral blood lymphocytes is bimodal, and have associated the higher-mobility fraction with T cells and the lower mobility fraction with B cells. Future experiments on purified populations of T and B cells and monocytes will allow us to assign the distribution unambiguously. In some experiments, the mononuclear suspensions were subjected to hypotonic lysis to reduce the number of residual erythrocytes. Although lysis did not alter the ratio of T and B cells as determined by E and EAC rosette formation, the ratio of the highmobility peak intensity to the low-mobility peak intensity was decreased somewhat by the lysis. We attribute this observation to the fact that erythrocytes have a mobility approximately equal to the high-mobility peakIn the 0.017 ionic strength solutions which we studied (8) . The proximity of the erythrocyte and lymphocyte mobilities in our solutions was verified in separate experiments on purified erythrocytes. Complete removal of erythrocytes is therefore important in preparing samples for experiments designed to determine the relative proportions of high-and low-mobility fractions.
The electrophoretic mobility of leukemic cells was distinctly below the average mobility of normal cells for all nine leukemic patients studied. The variation of mobilities of leukemic populations of cells was substantially greater than that of normal populations. The greatest leukemic mobility observed was, nevertheless, 4.7% below the lowest mobility we have observed for normal cell& The lower electrophoretic mobility of leukemic cells implies a lower membrane surface charge density which may be due to a decrease in the net negative charge or an increase in cell surface area, or both.
Since the electrophoretic distribution of the leukemic cells is symmetric and generally narrower than the distribution of normal cells, a homogeneoss population of neoplastic cells is suggested. The membrane markers on leukemic cells have been studied extensively. Most leukemic populations bear neither T nor B cell markers (16) . Our results indicate that the electrophoretic mobilities of leukemic cells are distinctly lower than the mobilities of the major population of normal cells and are more in the range of lower mobility cells which some workers have described as B cells, though the lowest mobilities we have observed for leukemic cells are below the mobilities of any normal cells. The possibility that the electrophoretic mobility of the leukemic cells is indicative of the nature of the neoplastic stem cell will be an important question for future investiga- 
